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We report high resolution coherent population trapping on a single hole spin in a semiconductor
quantum dot. The absorption dip signifying the formation of a dark state exhibits an atomic
physics-like dip width of just 10 MHz. We observe fluctuations in the absolute frequency of the
absorption dip, evidence of very slow spin dephasing. We identify this process as charge noise
by, first, demonstrating that the hole spin g-factor in this configuration (in-plane magnetic field)
is strongly dependent on the vertical electric field, and second, by characterizing the charge noise
through its effects on the optical transition frequency. An important conclusion is that charge noise
is an important hole spin dephasing process.
Coherent population trapping (CPT) is a quantum in-
terference effect which arises in an optical Λ system [1].
Two ground states are coupled individually by “pump”
and “probe” lasers to a common upper level. At the
two-photon resonance, that is, when the frequency differ-
ence of the lasers matches the frequency difference of the
ground states, one of the three eigenstates has zero ampli-
tude of the upper level, the “dark” state. This zero ampli-
tude can be thought of as a quantum interference between
the two excitation pathways. CPT refers to the signature
of the dark state, a dip in the probe absorption spectrum
as the probe is tuned through the two-photon resonance.
Specifically, for probe and pump couplings h¯Ω1, h¯Ω2 in
the perturbative regime h¯Ω1  h¯Ω2  h¯Γr (Γr is the
spontaneous emission rate from the upper state), the dip
has width h¯Ω22/Γr.
CPT is a key effect in atomic physics. First, CPT
forms the microscopic origin of electromagnetically-
induced transparency which itself underpins a scheme for
slowing light [2]. Extremely small light group velocities
have been demonstrated [3]. Secondly, the two-photon
resonance has spectroscopic implications: the narrow dip
enables the frequency separation of the ground states
to be measured extremely precisely by optical means.
Thirdly, the dark state of CPT can be used for quan-
tum control. For instance, by adiabatically switching
one laser on as the other is turned off, the population
can be transferred from one ground state to the other
without ever occupying the upper state [4]. Finally, the
“visibility” of the quantum interference at the CPT dip
is sensitive to the ground state coherence (but insensitive
to the upper state coherence) [5–8]: spectroscopic char-
acterization of the dip is a powerful way of measuring the
decoherence and dephasing times, a complementary tech-
nique to a Ramsey fringe/Hahn echo measurement. The
sensitivity to decoherence comes about because ground
state decoherence admixes the dark state with the two
bright states. The dip width sets the sensitivity of the
experiment to the ground state decoherence rate γ: for
γ  Ω22/Γr the signal in the dip goes to zero (high “vis-
ibility”) but for γ  Ω22/Γr the dip is washed out (low
“visibility”).
It is clearly motivating to implement CPT in a semi-
conductor with the perspective of using a solid-state
system as the host for slow light, quantum metrology
and quantum control. In addition, CPT offers a spec-
troscopic means of exploring the complex decoherence
and dephasing mechanisms in the solid-state. Optical
semiconductor-based CPT experiments to date include
excitons in GaAs quantum wells [9], bound excitons in
GaAs [10], an electron spin bound to an InGaAs quantum
dot [6], a hole spin bound to an InGaAs quantum dot [7],
and the two-electron state of a quantum dot molecule [8].
In all these experiments, the key challenge is to engineer
two ground states with decoherence and dephasing times
(T2 and T
∗
2 , respectively) much larger than the radiative
lifetime τr of the upper state. An InGaAs quantum dot is
an obvious candidate: a single electron can be trapped in
the quantum dot, spin providing a natural two-level sys-
tem, and the upper level decays quickly by spontaneous
emission, τr ∼ 1 ns [11]. Unfortunately, in the presence
of noisy nuclei, the electron spin-nuclear spin hyperfine
interaction limits T ∗2 to just a few ns [12, 13] and the
CPT dip can only be observed at large optical couplings
where it is inevitably broad [6]. The situation improves
either by reducing the nuclear spin noise [14] or by using
a quantum dot molecule [8] at an atomic clock-like point
where the first order sensitivity to spin noise vanishes.
A hole spin is potentially simpler. The motivation is
that a close-to-ideal heavy hole state with spin eigenvec-
tors J = 32 , Jz = ± 32 is predicted to become coherent
in an in-plane magnetic field [15]. Conveniently, the in-
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2plane magnetic field is exactly the field direction required
to establish the Λ system [6, 7]. The key point is that a
perfect heavy hole spin is sensitive to nuclear spin noise
only along the vertical direction z, noise which can be
suppressed by applying an external magnetic field in the
(x, y)-plane [15]. The extent to which the idealized heavy
hole picture applies to a real hole in a quantum dot has
been explored in a number of recent optical experiments
[7, 16–22]. The Hahn echo T2 is in the µs range [21], a
remarkable result bearing in mind the extremely limited
hole spin coherence in quantum wells and bulk material
[23, 24]. Spin dephasing times T ∗2 lie in the 10 − 100 ns
regime with significant differences from experiment to ex-
periment [7, 20–22]. While CPT dips have been observed
on a single hole spin [7], these experiments used optical
couplings only slightly less than the radiative decay rate,
resulting in dip widths of ∼ 100 MHz. This is too large
for slow light, high resolution spectroscopy and quantum
metrology applications. It also renders the experiment
insensitive to decoherence times above about 100 ns.
We report here CPT on a single hole spin in the per-
turbative regime. A dip width of just 10 MHz is demon-
strated. The residual absorption in the center of the dip
is zero (more precisely, smaller than our experimental
resolution of a few %) such that the dark state is at most
weakly admixed with the bright states, consistent with a
coherence time T2 ≥ 1 µs. However, we discover a scan-
to-scan variation in the CPT position, an effect which
was obscured by the larger dip widths in previous exper-
iments. We relate this to charge noise. On the one hand,
we quantify the dependence of the hole spin g-factor on
vertical electric field. On the other hand, we characterize
the fluctuations in vertical electric field through their ef-
fects on the optical transition, the dependence arising via
the dc Stark effect. This allows us to identify charge noise
as an important dephasing mechanism for the quantum
dot hole spin.
The semiconductor device is a p-type charge-tunable
heterostructure consisting of a p+ back contact (C dop-
ing), a 25 nm tunnel barrier, a layer of InGaAs quantum
dots (optical wavelengths around 950 nm), a 10 nm GaAs
capping layer, a 120 nm AlAs/GaAs superlattice blocking
barrier, and a semi-transparent gate electrode to which a
voltage Vg is applied, Fig. 1(a) [7, 16, 25]. The Vg regime
in which one hole is trapped in the quantum dot is lo-
cated and laser spectroscopy is carried out using differen-
tial reflectivity (∆R/R) detection with a room tempera-
ture p-i-n photodiode, Fig. 1(b) [26, 27]. The exciton’s
optical linewidth is dot dependent, typically 5− 10 µeV
[25]. This is considerably larger than both the trans-
form limit, ∼ 0.8 µeV [28], and the linewidths on high
quality n-type samples, ∼ 1.5 µeV [26, 28], and reflects
additional charge noise associated with the p-type dop-
ing [25]. A magnetic field of 0.5 T is applied in the plane,
and then two-color pump-probe laser spectroscopy is car-
ried out using two coherent lasers (each with linewidth
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FIG. 1. (Color online) (a) Layer sequence of the semiconduc-
tor heterostructure. The distance back contact to quantum
dot layer (tunnel barrier) is 25 nm, quantum dot layer to
short-period superlattice (SPS) 10 nm (capping layer), SPS
120 nm. Post-growth, Ohmic contacts along with a semi-
transparent surface gate electrode are fabricated, and a high-
index glass hemispherical solid-immersion lens (SIL) is posi-
tioned on the sample surface. (b) Schematic of the optical
set-up.
1 − 2 MHz measured in 1 s). The experiment is very
challenging as, first, ∆R/R is very small at the optical
resonance (0.1%); second, at the ultra-low laser powers
used here noise in the detector circuit is significant; and
third, in the perturbative regime (h¯Ω1  h¯Ω2  h¯/τr),
the width of the CPT dip approaches the limit set by the
mutual coherence of the lasers (∼ 10−20 MHz measured
in one minute). We meet these challenges with a glass
solid immersion lens (refractive index = 2.0) to reduce
the spot size in order to boost the ∆R/R signal, a mod-
ulation technique to reject noise in the reflectivity signal,
and integration times of 10 s per point. We accept the
wanderings in the pump laser frequency and a stabiliza-
tion scheme locks the pump-probe frequency difference
to a radio frequency reference resulting in a measured
mutual coherence of 2.0 MHz (integration 30 s).
A CPT dip on a single hole spin in a magnetic field
of 0.5 T and temperature 4.2 K is shown in Fig. 2. The
optical couplings h¯Ω1, h¯Ω2 were determined by measur-
ing an Autler-Townes splitting at high laser powers, ex-
trapolating the couplings to low laser powers using the
scaling h¯Ω ∝ √P (P is the laser power), Fig. 3(a). In
the CPT experiment, h¯Ω2 is a factor of 3 lower than the
spontaneous decay rate Γr = h¯/τr. The full-width-at-
half-maximum of the CPT dip is just 13 MHz, equiva-
lently 54 neV. This width corresponds to just 10−7 of the
frequency of the optical transitions, and just 10−3 of the
thermal energy. Fig. 2 constitutes our main result: obser-
vation of a CPT dip linewidth in the MHz regime, a spec-
tral sensitivity usually associated with atomic physics
and not a semiconductor experiment.
The solid-lines in Fig.s 2 and 3(a) correspond to the
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FIG. 2. (Color online) Probe absorption in the presence of
a close-to-resonant pump laser on a single InGaAs quantum
dot containing a single hole spin at B = 0.5 T and T = 4.2
K, 10 s integration per point. The absorption (here, differ-
ential reflectivity ∆R/R) shows an absorption dip signifying
coherent population trapping. The solid line shows the result
of a 3-level density matrix model. The atomic physics result
(h¯Ω1 = 0.17, h¯Ω2 = 0.35, h¯δ2 = −2.5 µeV, h¯/τr = 0.8 µeV,
T2 ≥ 1 µs, T1  T2) is convoluted with a Lorentzian with
FWHM ΓX = 5 µeV (1.22 GHz) to describe slow exciton de-
phasing, and then with a Lorentzian with FWHM 8.3 neV
(2.0 MHz) to account for the mutual coherence of the lasers.
results of a 3-level density matrix (ρ) calculation [7]. The
3-level atomic physics result for ρ13 [2] is convoluted with
a Lorentzian distribution of width ΓX for the energy of
the upper level, E3, in order to describe the effects of
charge noise. ΓX is known from the one-laser character-
ization at B = 0. The result is then convoluted again,
this time with a Lorentzian function of width 2.0 MHz
(8.3 neV) to describe the limited mutual coherence of
the lasers. In the limit of large h¯Ω2, the Autler-Townes
experiment, h¯Ω2 is treated as a fit parameter, and the
result describes the absorption envelope extremely well,
Fig. 3(a). In the limit of small h¯Ω2, the CPT experiment,
the result describes the dip width and depth extremely
well (Fig. 2). In the CPT limit, there are no unknowns
apart from a small uncertainty in h¯δ2, the pump-detuning
(see below). Even in this low-coupling limit, the residual
signal in the CPT dip can be fully accounted for by the
mutual coherence of the lasers and not by ground state
decoherence, and the dip width is described by the 3-level
atom and not by ground state dephasing.
We take advantage of the narrow dip to perform high
resolution dark state spectroscopy and probe the limits
of hole spin dephasing in our sample. We find that the
frequency of the dip, i.e. the two photon resonance, fluc-
tuates from scan to scan, see Fig. 3(b). The fluctuations
occur in a frequency range of ∼ 5 MHz (∼ 20 neV). Oc-
casionally, larger frequency shifts are observed, possibly
with an unusual lineshape. An example is shown in Fig.
3(b). These effects point to the presence of slow fluctua-
tions in the frequency separation of the hole spin ground
states. It is highly unlikely that nuclear spin noise is re-
sponsible. On the one hand, nuclear spin noise lies at
higher frequencies [28]; on the other hand, we have not
observed any hysteresis effects in the CPT experiment,
the typical signature of a coupling to the nuclear spins.
The slow CPT fluctuations are reminiscent of the low
frequency wanderings of the optical transition which has
a 1/f -like noise spectrum [28]. Significantly, this flicker
noise has its largest noise powers at the lowest frequen-
cies. Its origin is however charge noise which results in
a noisy electric field at the location of the quantum dot.
We therefore look for a link between charge noise and the
hole g-factor.
We have characterized the eigenenergies as a function
of Vg. Specifically, on a quantum dot in the same de-
vice we measure the photoluminescence (PL) from the
positively-charged trion X1+ in an in-plane magnetic field
B = 9 T, Fig. 4(a). We resolve 4 lines corresponding
to the two “vertical” transitions and the two “diagonal”
transitions, Fig. 4(a),(b). With the assumption that the
(b)
-50 0 50
0.00
0.05
0.10
0.15
Ω2= 0.24, 0.42, 0.34 μeV
 D
i f f
e r
e n
t i a
l  R
e f
l e
c t
i v
i t y
 ( %
)
Probe detuning (MHz)
B=0.5 T
23 MHz 
(a)

4 MHz 
-1 0 1 2 3
0.00
0.05
0.10
Ω2= 4.7 μeV
D
i f f
e r
e n
t i a
l  R
e f
l e
c t
i v
i t y
 ( %
)
Probe detuning (GHz)

FIG. 3. (Color online) (a) Probe absorption versus probe
detuning on the same quantum dot as Fig. 2 in the regime
h¯Ω2  h¯/τr showing an Autler-Townes splitting. The solid
curve is a fit to the data, h¯Ω2 = 4.7 µeV, h¯δ2 = 0.0 µeV, as fit
parameters. ΓX = 7.5 µeV is taken from ∆R/R at B = 0. (b)
Probe absorption versus probe detuning on the same quantum
dot in the regime h¯Ω2  h¯/τr showing a CPT dip, as in Fig.
2. Three curves are shown under close-to-identical conditions
showing a shift in the location of the dip in one case by 4
MHz (17 neV), and in another case by 23 MHz (95 neV).
4electron spin g-factor ge is negative, there is sufficient in-
formation to determine ge and gh. Fig. 4 shows the Vg
dependence of the electron and hole Zeeman energies. To
within error, ∼ 0.25 %, the electron Zeeman energy EeZ is
independent of Vg; in contrast, the hole Zeeman energy
EhZ changes by ∼ 5% over the X1+ plateau. Defining
the gh via E
h
Z = ghµBB, we find gh = 0.15 + αF with
α = 8.6×10−4 cm/kV. The origin of the electric field de-
pendence of the in-plane hole g-factor is probably related
to the strong dependence of the bulk g-factor on material
composition: as the field changes, the hole wave function
experiences a different material environment with a con-
comitant effect on the g-factor.
The dependence of gh on F creates a mechanism by
which charge noise can result in spin dephasing: electric
field fluctuations cause changes to the hole spin preces-
sion frequency. In particular, the low frequency charge
noise causes both the optical transition energy and the
CPT dip position to wander. Specifically, in these exper-
iments, the charge noise in a bandwidth fscan ≤ f ≤ 1/τr
can be determined by measuring the optical linewidth at
rate fscan, converting the inhomogeneous broadening into
electric field noise via the known Stark shift. The charge
noise broadens the optical resonance above the transform
limit, an effect which is easy to measure with the reso-
nant laser spectroscopy employed here. Charge noise at
lower frequencies, f ≤ fscan, results in scan-to-scan fluc-
tuations of the resonance energy. CPT is recorded on the
same quantum dot experiencing the same noise: a pow-
erful connection can therefore be made from the optical
response to the CPT experiment.
The optical linewidth of the particular quantum dot
in Fig. 3 is 7.5 µeV for fscan = 0.1 Hz. Together
with the known Stark shifts, dE/dF = 18 µeV/kVcm−1
[dE/dVg = 1.12 µeV/mV], this results in ∆F = 0.42
kV/cm [∆Vg = 6.7 mV]. This charge noise, ∆F , results
in turn in a fluctuation in gh of ∆gh = 3.6×10−4, equiv-
alently, ∆EhZ = 11 neV (2.5 MHz) at 0.5 T. This broad-
ening is comparable to the frequency resolution of the
experiment and therefore plays a small role. This ex-
plains why the CPT dip in Fig. 2 can be explained with-
out taking into account charge noise-induced dephasing.
The effects in Fig. 3(b) arise when fscan is reduced even
further. In this case, ultralow frequency flicker noise re-
sults in wanderings of the quantum dot optical resonance
typically by a linewidth or two over the course of many
minutes [28]. These optical shifts induce in turn wander-
ings of the CPT dip, by a few MHz, as observed in Fig.
3(b). The larger shifts in CPT position, Fig. 3(b), may
represent highly unlikely but more extreme changes to
the electrostatic environment of the quantum dot.
Our results point to the role of charge noise in de-
phasing a quantum dot hole spin. In this particular
experiment, the fluctuations in EhZ imply a dephasing
time of T ∗2 ' 100 ns on integrating noise in a band-
width starting around 1 Hz at B = 0.5 T. Some quan-
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FIG. 4. (Color online) (a) The quantum states of a single hole
spin in an in-plane magnetic field. ↑, ↓ denotes an electron
spin, ⇑,⇓ a hole spin. (b) Photoluminescence on a single
InGaAs quantum dot (different quantum dot from Fig. 2, 3
but from the same wafer) at B = 9.0 T and T = 4.2 K as
a function of Vg over the extent of the single hole Coulomb
blockade plateau. Four transitions are visible, labeled 1 − 4,
and identified in (a). The width of each peak is determined
by the spectrometer-detector (system resolution 50 µeV). (c)
Electron and hole g-factors, ge and gh, versus Vg. (The hole
Zeeman energy is defined as EhZ = ghµBB.) Vg is converted
into vertical electric field F with F = −e(Vg + Vo)/D with
D = 155 nm and Schottky barrier Vo = 0.62 V. Under the
assumption of a negative ge, gh is positive.
tum dots in the sample have considerably lower optical
linewidths and for these we can expect T ∗2 ≥ 100 ns, con-
sistent with CPT at lower resolution [7]. In fact, these
resonant laser spectroscopy experiments have low charge
noise, much less than in experiments with non-resonant
excitation [28]. Experiments with more charge noise will
therefore give smaller hole spin T ∗2 values. In addition
to a sample and method dependence, charge noise also
results in a B-dependence of T ∗2 . Our spectroscopy re-
sults, Fig. 4(a) and those at lower B, show that dgh/dF is
B-independent, i.e. that the fluctuations in EhZ increase
5linearly with increasing B for constant charge noise. This
implies that the dephasing induced by charge noise scales
as 1/B:
T ∗2 '
h¯
|dgh/dF |∆F µBB . (1)
This B-dependence may be hard to detect if for instance
other dephasing mechanisms come into play at higher
magnetic fields, for instance hyperfine coupling [21, 22]
or the interaction with phonons [17, 29]. We note how-
ever that hole spin dynamics at magnetic fields of several
Tesla reveal smaller T ∗2 values [21, 22] than those at low
magnetic field [7, 20], and this is consistent with charge
noise-dominated spin dephasing. We stress that an ad-
vantage of the present experiment is that the charge noise
is measured in situ via the laser spectroscopy.
In conclusion, we report 10 MHz wide CPT dips in
laser spectroscopy experiments on a quantum dot hole
spin. The quantum dot is embedded in a good but imper-
fect device. Imperfections in the device, notably charge
noise, cause slow wanderings of the CPT dip. There are
a number of mitigating strategies. First, p-type devices
need to be developed with less charge noise, ideally with
the low levels of charge noise associated with the best
n-type devices. Secondly, the dependence of the hole
g-factor on electric field, while possibly an attractive fea-
ture for electrical qubit control, can be reduced by ap-
propriate quantum dot design. Thirdly, the small ∆R/R
signals can be boosted to more practical levels by embed-
ding the quantum dot in a resonant micro-cavity.
We acknowledge financial support from NCCR QSIT
(RJW), Royal Society (BDG) and EPSRC (BDG).
∗ jonathan.prechtel@unibas.ch; http://nano-
photonics.unibas.ch/
[1] E. Arimondo, Progress in Optics 35, 257 (1996).
[2] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev.
Mod. Phys. 77, 633 (2005).
[3] L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi,
Nature (London) 397, 594 (1999).
[4] K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod.
Phys. 70, 1003 (1998).
[5] A. Imamoglu, Phys. Stat. Sol. (b) 243, 3725 (2006).
[6] X. Xu, B. Sun, P. R. Berman, D. G. Steel, A. S. Bracker,
D. Gammon, and L. J. Sham, Nature Physics 4, 692
(2008).
[7] D. Brunner, B. D. Gerardot, P. A. Dalgarno, G. Wu¨st,
K. Karrai, N. G. Stoltz, P. M. Petroff, and R. J. War-
burton, Science 325, 70 (2009).
[8] K. M. Weiss, J. M. Elzerman, Y. L. Delley, J. Miguel-
Sanchez, and A. Imamog˘lu, Phys. Rev. Lett. 109, 107401
(2012).
[9] M. C. Phillips, H. Wang, I. Rumyantsev, N. H. Kwong,
R. Takayama, and R. Binder, Phys. Rev. Lett. 91,
183602 (2003).
[10] M. Sladkov, A. U. Chaubal, M. P. Bakker, A. R. Onur,
D. Reuter, A. D. Wieck, and C. H. van der Wal, Phys.
Rev. B 82, 121308 (2010).
[11] P. A. Dalgarno, J. M. Smith, J. McFarlane, B. D. Ger-
ardot, K. Karrai, A. Badolato, P. M. Petroff, and R. J.
Warburton, Phys. Rev. B 77, 245311 (2008).
[12] I. A. Merkulov, A. L. Efros, and M. Rosen, Phys. Rev.
B 65, 205309 (2002).
[13] A. V. Khaetskii, D. Loss, and L. Glazman, Phys. Rev.
Lett. 88, 186802 (2002).
[14] X. Xu, W. Yao, B. Sun, D. G. Steel, A. S. Bracker,
D. Gammon, and L. J. Sham, Nature (London) 459,
1105 (2009).
[15] J. Fischer, W. A. Coish, D. V. Bulaev, and D. Loss,
Phys. Rev. B 78, 155329 (2008).
[16] B. D. Gerardot, D. Brunner, P. A. Dalgarno, P. Ohberg,
S. Seidl, M. Kroner, K. Karrai, N. G. Stoltz, P. M.
Petroff, and R. J. Warburton, Nature (London) 451,
441 (2008).
[17] D. Heiss, S. Schaeck, H. Huebl, M. Bichler, G. Abstreiter,
J. J. Finley, D. V. Bulaev, and D. Loss, Phys. Rev. B
76, 241306 (2007).
[18] A. J. Ramsay, S. J. Boyle, R. S. Kolodka, J. B. B.
Oliveira, J. Skiba-Szymanska, H. Y. Liu, M. Hopkinson,
A. M. Fox, and M. S. Skolnick, Phys. Rev. Lett. 100,
197401 (2008).
[19] T. M. Godden, S. J. Boyle, A. J. Ramsay, A. M. Fox,
and M. S. Skolnick, Appl. Phys. Lett. 97, 061113 (2010).
[20] S. A. Crooker, J. Brandt, C. Sandfort, A. Greilich, D. R.
Yakovlev, D. Reuter, A. D. Wieck, and M. Bayer, Phys.
Rev. Lett. 104, 036601 (2010).
[21] K. De Greve, P. L. McMahon, D. Press, T. D. Ladd,
D. Bisping, C. Schneider, M. Kamp, L. Worschech,
S. Ho¨fling, A. Forchel, and Y. Yamamoto, Nature Phys.
7, 872 (2011).
[22] A. Greilich, S. G. Carter, D. Kim, A. S. Bracker, and
D. Gammon, Nature Photon. 5, 702 (2011).
[23] T. C. Damen, L. Vina, J. E. Cunningham, J. Shah, and
L. J. Sham, Phys. Rev. Lett. 67, 3432 (1991).
[24] X. Marie, T. Amand, P. Le Jeune, M. Paillard,
P. Renucci, L. E. Golub, V. D. Dymnikov, and E. L.
Ivchenko, Phys. Rev. B 60, 5811 (1999).
[25] B. D. Gerardot, R. J. Barbour, D. Brunner, P. A. Dal-
garno, A. Badolato, N. Stoltz, P. M. Petroff, J. Houel,
and R. J. Warburton, Appl. Phys. Lett. 99, 243112
(2011).
[26] A. Ho¨gele, S. Seidl, M. Kroner, K. Karrai, R. J. Warbur-
ton, B. D. Gerardot, and P. M. Petroff, Phys. Rev. Lett.
93, 217401 (2004).
[27] B. Ale´n, A. Ho¨gele, M. Kroner, S. Seidl, K. Karrai,
R. J. Warburton, A. Badolato, G. Medeiros-Ribeiro, and
P. M. Petroff, Appl. Phys. Lett, 89, 123124 (2006).
[28] A. V. Kuhlmann, J. Houel, A. Ludwig, L. Greuter,
D. Reuter, A. Wieck, M. Poggio, and R. J. Warburton,
arXiv:1301.6381 (2013).
[29] M. Trif, P. Simon, and D. Loss, Phys. Rev. Lett. 103,
106601 (2009).
